ABSTRACT: This paper presents the experimental measurements of isobaric vapor−liquid equilibria (iso-p VLE) and excess volumes (v E ) at several temperatures in the interval (288.15 to 328.15) K for six binary systems composed of two alkyl (methyl, ethyl) propanoates and three odd carbon alkanes (C5 to C9). The mixing processes were expansive, v E > 0, with (δv E /δT) p > 0, and endothermic. The installation used to measure the iso-p VLE was improved by controlling three of the variables involved in the experimentation with a PC. Experimental iso-101.32 VLE data showed a positive consistency with 
INTRODUCTION
In a previous work 1 of this series on ester + alkanes, experimental data were presented for several thermodynamic properties of the binary systems of alkyl (methyl, ethyl) butanoates with alkane (heptane, nonane), and a simultaneous correlation was performed for different properties (isobaric vapor−liquid equilibria, iso-p VLE, excess enthalpies h E , and excess heat capacities c p E ) with a polynomial model 2 and predictions with the universal functional activity coefficient (UNIFAC) method. 3 The predictive method did not adequately reproduce the quantities of the first and second derivatives of the excess Gibbs function g E . However, in systems with ethanoates 4 and methanoates, 5, 6 where the model uses specific parameters for the carboxylate/methyl interactions, the prediction is acceptable for iso-p VLE and iso-T VLE and also for the first derivative h E , but not the second c p E . In general, the representation appears to become poorer as the chain length of the compounds increases. There are limited data in the literature for propanoates and butanoates, and it is necessary to amplify the database for these systems to be able to verify their behavior and study their modeling in greater depth. In these cases it is essential to have basic knowledge of the solutions with saturated hydrocarbons. For this purpose, here the experimentation is conducted with substances with the following empirical notation: H 3 CCH 2 COOC u H 2u+1 (u = 1,2) + C n H 2n+2 (n = 5,7,9) . Data for iso-p VLE and v E have been determined at several temperatures in the interval (288 to 328) K, since the h E7−9
and also iso-p VLE data for one of the binaries were presented previously. 10 Data for the mixing properties, v E and h E , have been published in the literature 11−14 for different conditions, and even for c p E . 15 The combined correlation of the properties was conducted with a model proposed by the working team 2 together with the nonrandom two-liquid (NRTL) model, 16 valuating the quality of the fit obtained with both models. It is interesting to know the utility of the UNIFAC group contribution method 3 to reproduce the behavior of these solutions.
EXPERIMENTAL SECTION
2.1. Materials. The products used in this work were supplied by Aldrich, +99 % (w/w) purity, was verified by gas chromatography (GC). The propanoates gave slightly lower quality values than those indicated by the manufacturer, while values recorded for the alkanes were excellent. The esters were, therefore, distilled in a microdistillation apparatus in the presence of P 2 O 5 , significantly improving their purity. A summarized description of these operations is given in Table 1 . Moreover, before use all products were submitted to a standard treatment commonly applied in our laboratory consisting in degasification with ultrasound for a few hours followed by storage for several days over a 0.3 nm SAFC molecular sieve to remove possible traces of moisture. The description of these operations appears in Table 1 . All products were characterized by measuring properties, such as refractive indices n D , and densities ρ at 298.15 K, and the normal boiling point T b,i o . A comparison of the experimental values with those from literature is shown in Table 2 . This table also shows the final water content for the different products, measured with a Karl Fischer C80 coulometric titrator from Mettler.
Apparatus and Procedures.
Vapor pressures of the pure compounds and iso-p VLE of the binaries in the study were measured in a small glass ebulliometer with recirculation of both phases. 20 To improve the experimentation a new pressurizing installation was designed by constructing stainless steel systems, with Ø 4 mm pipes and mini-tank regulators, as shown in Figure 1 , which was previously tested to be hermetic. The apparatus used to control the pressure (DH-PPC2) was connected to a PC to capture the oscillations (p ± 0.02) kPa throughout the experiment. For the temperature measuring device (Comarks-6800) with (T ± 0.01) K, an electronic circuit was designed and constructed to translate the signal in BCD code to a parallel-port, also captured by PC. The signals corresponding to p/kPa and t/°C are recorded on the PC screen together with the power supplied to the ebullometer w/watt and that required for heating in the two-phase zone (Figure 1 ) both independently. In this way, the recirculation flows of the liquid phase (overflow) and the vapor phase (condensation) were also controlled. The stability of the aforementioned variables is reflected by an alarm (the PC detects the constancy of p and T within the interval marked by the uncertainties of both quantities) which indicated the time when the phase samples should be removed to measure their densities. Equilibrium states were achieved in average time intervals of 15 min, and the compositions for the liquid x and vapor y phases were determined from the corresponding densities ρ L and ρ V of the mixtures. An independent regression was performed using a polynomial equation obtained previously, with known values of (x ± 0.0002, ρ ± 0.02 kg·m −3 ) at a temperature of 298.15 K for mixtures synthetically prepared in the interval {x 1 
So, the equation applied to the vapor-condensed phase of the alkyl propanoate (1) + alkane (2) has the form:
An Anton Paar, DMA-55, densimeter was used, and the temperature was controlled at (T ± 0.02) K with a PolyScience 1166D circulating water bath, calibrated at each temperature with water and nonane. The correlation obtained with a least-squares procedure was excellent, with r 2 > 0.99, and the compositions of the liquid and vapor phases, calculated by eq 1, presented uncertainties of ± 0.002. From values of the composition and density at each temperature, values were determined for the corresponding excess property of the systems studied, obtaining in this way the pairs (x ± 0.0002,
). The refractive indices (n D ± 0.0002) shown in Table 1 were measured with an Abbe refractometer (Zuzi), model 320, whose working temperature (298.15 ± 0.02) K was achieved with the previously mentioned water bath.
MATHEMATICAL TREATMENT OF DATA
In this work, the mathematical treatment of experimental data was performed with a polynomial model established for Gibbs which is conveniently reduced for the isobaric case. In accordance with the above, the following expressions are produced for each excess function used in eq 3:
where: 
In the corresponding application of the model the behavior of parameters k(T) and their derivatives with respect to T have already been included in the previous equations. ) values and correlation curves (eqs 2, 19) (bottom diagram) and surfaces of (x 1 , T/K, h
) (top diagram) for the binaries x 1 alkyl (methyl, ethyl) propanoate + x 2 C n H 2n+2 , for n = 5 (red), n = 7 (black), and n = 9 (blue). a, methyl propanoate + alkane, b, ethyl propanoate + alkane. Top of the diagrams: the surfaces h E = h E (x 1 ,T) are for: n = 7 shaded and n = 9 grilled. 
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The variation of the k-parameter with T for the binaries elected must be analyzed first, as it could be negligible. The systems considered generate gradients less than 0.5 %; so eqs 5 to 7 can be conveniently simplified.
Another important property to take into account in the treatment of VLE data are the activity coefficients obtained by:
Which, with eq 2 give the following expression,
[ ( 1) 
a generic form that is fulfilled when g −1 = g 3 = 0. From this latter equation, the activity coefficients at infinite dilution, γ i ∞ , are determined with the particular expressions,
Data were also treated by applying the original version of the NRTL model, 16 which presents the following generic form.
But with a different parametrization, in accordance with the extended form proposed by Ko et al., 21 for the τ ij .
this extension was necessary to achieve a better fit, especially of the enthalpies at different temperatures. For this model, the expression for the enthalpy is: 
where τ ij ′ = (dτ ij /dT). Note the complexity of eq 16. Logically, the corresponding second derivative to obtain c p E produces an even longer expression, which because of its extension we decided not to include here. A mathematical tool was used to treat the data that permitted analytical deductions to be made. The generic mathematical expression for the activity coefficients is as follows: From which it can be deduced that γ i ∞ , taking into account the conditions of eqs 12 and 13, is given by the expression:
4. EXPERIMENTAL RESULTS AND DISCUSSION 4.1. Excess Properties. For the binaries selected, represented generically by CH 3 CH 2 CO 2 C u H 2u+1 (u = 1,2) + C n H 2n+2 (n = 5,7,9), the v E were determined at every 10 K in the interval (288.15 to 328.15) K, obtained from the direct values of the pairs (x,ρ), except for the systems with pentane due to their a Uncertainties u are: u(T) = ± 0.01 K and u(p) = ± 0.02 kPa. Table 3 ) with the corresponding fitting curves, together with the surfaces generated by h E = h E (x,T) (see refs 6−8) are represented graphically in three dimensions for the same systems. In all cases, the excess property was correlated by an equation similar to that of eq 2, but using a simpler expression than eq 4 for the coefficients v i , if we refer to volumes,
The coefficients were obtained using a linear correlation procedure with an algorithm implemented in MATLAB minimizing the standard deviation of the v E , which for any generic property, y E , is 20) where N is the number of experimental points for the property considered.
Values of the parameter k v 21 (T) for the volumetric fraction, eq 2, were calculated for each mixture as indicated previously 4, 5 and show a negligible variation with temperature. Coefficients of eq 19 obtained for each of the systems are recorded in Table 4 , which also shows the results of s(v E ) for each system at each temperature. The parameters of goodness of fit in Table 4 and the representations in Figure 2 show that the quality of fit is good, with a mean global error for the set lower than 2 %. Figure 3a ,b shows a comparison between the curve in this work and those published in the literature. On the whole, the current data show a good agreement with all the data in the literature, except for those determined by our research team in 1997 (ref 12) , which show inexplicable average differences, especially high, close to 50 % around the zone of x < 0.6 for the binary ethyl propanoate + pentane.
In the vertical plane shown in Figure 2a ,b, a positive value can be observed for the slope p(∂v E /∂T) x > 0, although the increase in temperature has very little influence on the volumetric expansions and, in general, on the excess properties. On the one hand, the increase in thermal agitation only produces a slight increase in Brownian motion that barely weakens the intermolecular attractions at all; the variation in expansive and endothermic effects (see refs 6 to 8 and surfaces h E = h E (x,T) in Figure 2 ) with the number of groups−CH 2 − of the compounds is as expected. On the other hand, the increase in hydrocarbon chain length for a fixed ester increases the surfaces in contact, positively increasing the values of the mixing properties. However, the increase in alkanolic chain length in the propanoates, which present a slight increase in dipolar moment, have a negative effect on the mixing properties since the irruption of the hydrocarbon makes the dipole−dipole effect diminish and also the endothermal and expansive effects of the mixtures.
Vapor Pressures. The values (T, p i
o ) that make up the vapor−liquid saturation curve are important because of their influence on the calculations of phase equilibria in solutions. Hence, for this work measurements have been made for three of the substances used, methyl and ethyl propanoate and pentane, over a range of pressures from (45 to 280) kPa, since the values for heptanes and nonane have been presented recently. 1 Values were measured in the same installation as those shown in Figure 1 , and the results are recorded in Table 5 . For each compound, a correlation was carried out using Antoine's equation, applying a nonlinear regression procedure implemented in Matlab. The parameters obtained are shown in Table 6 , where they are compared with those from the literature. The reduced form of Antoine's equation adopts a similar mathematical expression, where the new parameters a, b, and c are related to the original ones A, B, and C through simple expressions such as the one shown in a previous work, 26 considering as boundary conditions those of the critical point.
However, since the validity of Antoine's equation is limited to the range of working pressures and which in our case does not reach the critical point, it is appropriate to recalculate values of a, b, and c for the range of measurements, correlating the experimental data of Table 5 , but as reduced quantities, using the same procedure shown before for Antoine's equation. In this way, the acentric factor of each pure compound is calculated from the expression: (0.7 − c)(ω + a + 1) = b, which are shown in Table 6 ; the comparison with other values recorded in the literature and with those estimated by Lee−Kesler 27 is good. Values of ω obtained are used to calculate the parameters of isop VLE. Figure 4 shows representations of the vapor pressures lines in reduced coordinates for the products used here.
4.3. Presentation of iso-p VLE Data. The experimental values of binaries H 5 C 2 CO 2 C u H 2u+1 (u = 1,2) (1) + C n H 2n+2 (n = 5,7,9) (2) that characterize the iso-101.32 kPa VLE (p, T, x, y) are recorded in Table 7 Table 7 . continued with a difference, ∼ 1°C, in the temperature of that singular point. In general, we can attribute the differences to the greater precision of the values obtained now, owing to the higher degree of automation provided by the installations shown in Figure 1 . By interpolating the data shown in Figure 5b and c, the position of the azeotropic points (x az , T az /K) at a pressure of 101.32 kPa was calculated for the methyl propanoate + heptane (0.844, 351.86) and ethyl propanoate + heptane systems (0.481, 366.61), and their comparisons with those from literature 28 are presented in Table 8 . Table 7 shows the values of the different thermodynamic a Uncertainties u are: u(T) = ± 0.01 K, u(p) = ± 0.02 kPa, u(x 1 ) = ± 0.002, and u(y 1 ) = ± 0.002. quantities established for the iso-p VLE. Hence, the activity coefficients of the liquid phase γ i were calculated by considering the nonideal nature of the vapor phase by the equation
where ϕî, is the fugacity coefficient of species i in solution, and ϕ i o and p i o are, respectively, the fugacity coefficient for pure i as a saturated vapor and the vapor pressure. The molar volumes of the pure compounds v i o were calculated at each equilibrium temperature with a modified version of Rackett's equation 29 and the vapor pressures by Antoine's equation, with the parameters shown in Table 6 . The ratio (ϕ̂i/ϕ i o ) is: (23) where the second virial coefficients for pure compounds B ii and mixtures B ij were obtained with the Tsonopoulos expressions. 30 Representations of γ i and of Gibbs adimensional function g E /RT are shown in Figure 6a −f. High values can be observed for the activity coefficients indicating strong deviations from the ideal solution, with a similar variation to that shown by the other mixing properties, increasing with the chain length of the hydrocarbon and decreasing with the increasing length of the alkanolic part of the propanoate. The experimental data shown in Table 6 were tested with the method proposed by Fredenslund 31 to verify the thermodynamic consistency of iso-p VLE data; all of the systems fulfilled the global condition δ̅ = ∑ i |y i,exp − y i,calc |/N < 0.01. ), calculated from the data recorded in Table 7 for all of the systems, together with the h E 6−8 and the c p E 15 for the binary system methyl propanoate + heptane, were used to •, g correlate the properties for each system. The two models described in Section 3 were used in the procedure, the one defined by eq 2 with the coefficients of eq 4 and its corresponding derivatives and the NRTL model, eq 14. Because of the polynomial form of the proposed model, two procedures can be used to correlate the thermodynamic quantities mentioned.
(a) The first, already used in previous works, 2 which simultaneously correlates the different quantities, taking into consideration the expressions established in Section 3. This method can also be applied to the NRTL model. For this purpose it is recommendable to use a robust algorithm that minimizes a global objective function that includes the different local minima of each quantity, in other words: where the c i are weighting coefficients for the different quantities treated and are calculated in the correlation procedure. To carry out the correlation, a genetic algorithm implemented in Matlab was used that produced good results for both models. The s(y E ) were defined by eq 20.
For this case, the k parameters (k h 21 and k g 21 ) of the proposed model were determined together with the g ij coefficients in the same procedure of fit. The results obtained for the parameters of the NRTL model are shown in Table 9 and graphically represented in Figures 5 to 8 ; they show a good correlation for the iso-p VLE and h E data but not for the c p E (Figure 8 ), since the rigidity of the model prevents the inflections shown by the experimental points. Table 9 shows that the nonrandomness parameter, α, obtained in the correlation procedure is optimized to nonregular (even negative) values, very different to the authors' proposal for these mixtures (α = 0.3 to 0.47).
(b) The second fitting procedures are only applicable to the proposed model, permitting partial correlations or by steps, that can be shown by the succession (x,T,c p E [eq 6])→ (x,T,h E [eq 5]) → (x,T,g E [eq 2]). This method presents certain advantages over simultaneous correlation, since the partial fit of each property needs a simple objective function, such as that of eq 20, and a smaller number of parameters are determined in each step. For these mixtures, the k h 21 value obtained in the fit of (x,h E ) [see refs 6 to 8], is fixed and introduced in the second step. Regression of the experimental data to the model generated the values shown in Table 10 . However, application of the simultaneous correlation procedure indicated in (a) for the proposed model with the OF of eq 24 gave similar results. The corresponding representations are depicted in Figures 5 to 8 , showing good quality reproductions of the behavior of all systems, including those of c p E . The UNIFAC 3 estimates for the different properties were generally of poor quality. The Gibbs function and the activity coefficients were underestimated in nearly all cases, with values lower than experimental ones, except for the ethyl propanoate + nonane system. Predictions for the mixing enthalpies are not (Figure 7 ). The curve of c p E (x) for the binary methyl propanoate + heptane estimated by UNIFAC is of opposite sign to the experimental. The database we are generating for these mixtures incorporates the γ i ∞ for their interest in theoretical and practical studies. In the field of chemical engineering, there is interest to know the behavior of the highly diluted solutions to evaluate the recovery or separation capability of the components. Thus, the γ i ∞ were calculated using the two correlation models and are shown in Table 11 , showing certain differences with those obtained by UNIFAC. The variation of said coefficients with the nature of the compounds is notorious, especially of γ 2 ∞ with "n" attributable to ester associative effects which are smaller than with other short chain alkanoate. 4, 5 Although the models used for g E are empirical in their development, the γ i ∞ obtained from them can be used to check the reliability of the model.
With the different models (correlative and predictive) the behavior of the energy function Ts E was estimated, and the results are shown in Figure 7 . The entropic function increases with the saturated chain length and diminishes with an increase in the alkanolic part of the ester. In other words, the variations occur in the same direction as those observed for the other mixing properties, interpreted in Section 4.1.
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